A novel secondary intracellular symbiotic bacterium from aphids of the genus Yamatocallis (subfamily Drepanosiphinae) was characterized by using molecular phylogenetic analysis, in situ hybridization, and diagnostic PCR detection. In the aphid tissues, this bacterium (tentatively designated YSMS [Yamatocallis secondary mycetocyte symbiont]) was found specifically in large cells surrounded by primary mycetocytes harboring Buchnera cells. Of nine drepanosiphine aphids examined, YSMS was detected in only two species of the same genus, Yamatocallis tokyoensis and Yamatocallis hirayamae. In natural populations of these aphids, YSMS was present in 100% of the individuals. Phylogenetic analysis based on 16S ribosomal DNA (rDNA) sequences demonstrated that YSMS of Y. tokyoensis and Y. hirayamae constitute a distinct and isolated clade in the ␥ subdivision of the class Proteobacteria. No 16S rDNA sequences of secondary endosymbionts characterized so far from other aphids showed phylogenetic affinity to YSMS. Based on these results, I suggest that YSMS was acquired by an ancestor of the genus Yamatocallis and has been conserved throughout the evolution of the lineage. By using the nucleotide substitution rate for 16S rDNA of Buchnera spp., the time of acquisition of YSMS was estimated to be about 13 to 26 million years ago, in the Miocene epoch of the Tertiary period.
To date, about 4,400 species of aphids (Homoptera: Aphididae) have been described in 11 subfamilies (2) . Almost all of these species have an intracellular symbiotic bacterium, Buchnera sp., in the cytoplasm of mycetocytes (or bacteriocytes), which are hypertrophied cells in the abdomen specialized for endosymbiosis (1, 3) . The aphids and their Buchnera symbionts are intimately mutualistic; the symbionts cannot survive when they are removed from the host cells, and the aphids are sterile or die when they are deprived of their symbionts (17, 18, 21) . It is thought that the aphids provide their Buchnera symbionts with a stable niche and nutrients, while the Buchnera symbionts synthesize essential amino acids and other nutrients for their hosts (1, 8, 9) . The evolutionary origin of the endosymbiotic association is believed to be quite ancient. Buchnera symbionts of various distantly related aphid species are descended from a bacterium that was acquired by the common ancestor of extant aphids and have speciated with their hosts (19) . Phylogenetically, the Buchnera symbionts belong to the ␥ subdivision of the class Proteobacteria (␥-Proteobacteria) (23) . Because of their prevalence and importance in aphids, Buchnera spp. and the mycetocytes harboring them are often referred to as primary symbionts (P-symbionts) and primary mycetocytes (P-mycetocytes), respectively.
In addition to the Buchnera P-symbionts, a number of aphids contain additional types of vertically transmitted endosymbiotic bacteria, which have been collectively referred to as secondary symbionts (S-symbionts) or accessory symbionts (3-7, 11, 12, 14-16, 22) . Some of the S-symbionts, such as Rickettsia and Spiroplasma spp., do not exhibit remarkable cellular localization but populate various tissues and cells rather nonspecifically (3, 5, 13, 16) . On the other hand, in many aphids the S-symbionts are harbored in specialized cells, such as secondary mycetocytes (S-mycetocytes) and sheath cells, which constitute a mycetome (or bacteriome) with the P-mycetocytes in the abdomens of the insects (3, 11, 12, 14, 15, 22) . These additional symbionts that populate specific S-mycetocytes, which I refer to as secondary mycetocyte symbionts (SM-symbionts) below, are found in many, but not all, lineages of aphids, exhibit remarkable differences in morphology, localization, and quantity in different lineages, and are thought to have polyphyletic evolutionary origins (3, 11, 12, (14) (15) (16) 22) .
Although classical microscopic and recent histochemical studies have documented a wide variety of morphotypes of SM-symbionts in many lineages of aphids (3, 11, 12, 14) , the microbial nature of the SM-symbionts has been phylogenetically characterized in only a limited number of aphids, including Acyrthosiphon pisum (4, 22, 23) and the Uroleucon species complex (22) . These aphids belong to the same aphid group, the tribe Macrosiphini in the subfamily Aphidinae. Therefore, in order to understand the origin and evolution of intracellular symbiosis in aphids, it is necessary to characterize SM-symbionts found in different aphid groups.
In this paper, I describe the first characterization of the SM-symbionts found in aphids of the genus Yamatocallis in the subfamily Drepanosiphinae.
Yamatocallis tokyoensis and Yamatocallis hirayamae were collected from Acer spp. in Japan ( Table 1 ). The samples that were collected were preserved in acetone until molecular and histological analyses were performed (10) . DNA extraction, PCR, cloning, restriction fragment length polymorphism (RFLP) typing, DNA sequencing, molecular phylogenetic analysis, and in situ hybridization were conducted essentially as previously described (13, 15, 16) .
Almost the entire length of the eubacterial 16S ribosomal DNA (rDNA) was amplified by PCR from sample 207 from Suginami-ku, Tokyo, Japan, and sample 317 from Tsukuba, Ibaraki, Japan, and the products were cloned. RFLP analysis of the clones revealed the presence of two sequence types, the predominant type A and the relatively minor type B (Fig. 1 ). Three clones of each type from each sample were sequenced. The type A sequences were 1,486 bp long, while the type B sequences were 1,473 bp long. The type A and B sequences from sample 207 were identical to the type A and B sequences from sample 317, respectively. The type A sequence showed high sequence similarity to 16S rDNA sequences of Buchnera spp. from various aphids. On the other hand, the type B sequence was not as similar to Buchnera sequences as the type A sequence was, although all of the sequences were from members of the same bacterial group, the ␥-Proteobacteria. I designed two oligonucleotide probes, DIG-KMGTP (5Ј-digoxigenin-TCCCCTACTTTGGTTTCTC-3Ј) and DIG-KMGTS (5Ј-digoxigenin-TCCCCCACTTTGGTCTTTT-3Ј), which specifically recognize the type A and B sequences, respectively. Using these probes, I performed 16S rRNA-targeted in situ hybridization with Y. tokyoensis tissue sections (Fig.  2) . When probe DIG-KMGTP was used, mycetocytes filled with round bacterial particles were specifically stained in embryonic and maternal mycetomes ( Fig. 2A and C) . These histological traits, together with the 16S rDNA sequence similarity, indicated that the type A sequence was derived from the P-symbiont, Buchnera sp. When probe DIG-KMGTS was used, round bacterial particles which were larger than Buchnera cells were visualized in large cells surrounded by P-mycetocytes ( Fig. 2B and D) . Therefore, I demonstrated that the type B sequence was derived from an intracellular symbiotic bacterium harbored in a different type of mycetocyte that constituted a huge mycetome in the abdomen of the host together with the P-mycetocytes. In this paper, I tentatively designate this bacterium YSMS (Yamatocallis secondary mycetocyte symbiont). How prevalent is YSMS in aphids? The presence of YSMS in aphids belonging to subfamily Drepanosiphinae was investigated because Y. tokyoensis is a member of the Drepanosiphinae. In addition to Y. tokyoensis samples from five localities, Y. hirayamae and other drepanosiphine aphids (Table 1) were analyzed. The specific reverse primers KMGTPsp (5Ј-GAA CTTTATGAGGTTGGCTTGTC-3Ј) for Buchnera spp. and KMGTSsp (5Ј-CTAACTTTAGGTGATCTGCTTACT-3Ј) for YSMS were used in combination with universal forward primer 16SA1 (5Ј-AGAGTTTGATCMTGGCTCAG-3Ј) for diagnostic PCR detection of 16S rDNA of the endosymbionts. Among the aphids examined, YSMS was detected only in Y. tokyoensis and Y. hirayamae (Fig. 3) , suggesting the possibility that YSMS was acquired by the common ancestor of the genus Yamatocallis. In situ hybridization experiments confirmed that Y. hirayamae possessed an endosymbiotic system quite similar to that of Y. tokyoensis (data not shown).
The phylogenetic placement of the endosymbiotic bacteria from Y. tokyoensis and Y. hirayamae was analyzed based on the 16S rDNA sequences (Fig. 4) . As expected, the type A sequences were placed in the clade containing Buchnera spp. in the ␥-Proteobacteria. On the other hand, the type B sequences had no close relatives but constituted a distinct and isolated lineage in the ␥-Proteobacteria. None of the 16S rDNA sequences of S-symbionts from other aphids, such as A. pisum and Uroleucon spp. (Fig. 4) , showed phylogenetic affinity to the type B sequence. The 16S rDNA sequence of Buchnera sp. from Y. tokyoensis exhibited 1.03% sequence divergence ( (Table 2) . In all of the populations, the levels of infection with both Buchnera spp. and YSMS were 100%.
In previous studies of A. pisum and allied aphids, it has consistently been demonstrated that the S-symbionts are facultative companions for the hosts. The S-symbionts partially infected the populations studied (4, 6, 15, 16, 22) . In several cases, it was shown that the S-symbionts had negative effects on the fitness of the host insects (4, 6, 16) . It was reported that S-symbionts with little genetic divergence were sporadically detected in different aphid species (4), suggesting that the organisms are sometimes horizontally transmitted between host insects, although the mechanism is not known.
In the present study, in contrast to the S-symbionts of A. pisum, YSMS of Yamatocallis spp. infected all individuals in natural populations, accounted for a substantial fraction of the endosymbiotic biomass, and was specifically detected in aphids in this genus. These results strongly suggest that YSMS was acquired by an ancestor of the genus Yamatocallis and has been conserved throughout the evolution of the lineage. Although the biological function of YSMS is not known, it is plausible that in addition to the essential roles of Buchnera spp. in survival and reproduction of their hosts, YSMS may play supplementary but important roles.
When was YSMS acquired by the ancestral Yamatocallis species? In the Buchnera lineage, 16S rDNA was estimated to evolve at a rate of 0.01 to 0.02 substitution per site per 50 million years (19) . By superimposing this rate on my data, I calculated the time of acquisition, presumably by the common ancestor of Y. tokyoensis and Y. hirayamae, to be about 13 to 26 million years ago, in the Miocene epoch of the Tertiary period.
Two closely related aphids, Y. tokyoensis and Y. hirayamae, contained both Buchnera spp. and YSMS. In these two species, the levels of genetic divergence of YSMS and Buchnera spp. were substantially similar based on the 16S rDNA sequences. Taking into account the fact that YSMS infected 100% of the individuals in local populations of Y. tokyoensis without detectable genetic divergence, it is likely that Buchnera spp. and YSMS were acquired by and descended from the common ancestor of the extant host species solely via vertical transmission throughout the evolution and speciation of the genus Yamatocallis. However, an alternative possibility cannot be ruled out, namely, that YSMS has occasionally been transmitted horizontally but has shown strict host specificity for the genus Yamatocallis. To test which of these hypotheses is more appropriate, molecular phylogenetic analysis of YSMS and host aphids from more populations and species of the genus must be conducted to examine whether cocladogenesis is observed for them.
In the endosymbiotic system of aphids, the genus Buchnera is highly conserved, is essential for the life and reproduction of the host, and is believed to have had an ancient evolutionary origin. Molecular phylogenetic estimates suggest that the endosymbiosis may be more than 100 million years old (19, 24) . In contrast, some S-symbionts of aphids, such as those found in A. pisum, are not fixed in host populations, sometimes have negative effects on the life and reproduction of their hosts, and are thought to be facultative endosymbiotic companions with a recent evolutionary origin (4, 6, 15, 16, 22) . Interestingly, YSMS of Yamatocallis spp., which is described in this study and is conserved in a host genus, can be considered an intermediate between the essential mutualist and facultative associates. Fur- 
